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Many arthropods are infected with maternally transmitted microorganisms, leading to the coexistence of
several intracellular genomes within the host cells, including their own mitochondria. As these genomes are
cotransmitted, their patterns of evolution have been intimately linked, with possible consequences for the
diversity and evolution of the host mitochondrial DNA. The evolutionary aspects of the situation have been
thoroughly investigated, especially the selective sweep on the mitochondria as a result of Wolbachia invasion,
whereas direct interactions between mitochondria and intracellular symbionts within the host cells or body
have received little attention. Since endosymbionts exploit host resources but mitochondria supply energy to
meet the bioenergetic demands of organisms, an unanswered question concerns the correlation between their
densities. Here, we investigated the influence of Wolbachia symbiosis on mitochondrial density in two parasitic
wasps of Drosophila species, both of which are naturally infected by three Wolbachia strains, but they differ in
their degree of dependency on these bacteria. In Leptopilina heterotoma, all Wolbachia strains are facultative,
whereas Asobara tabida requires a strain of Wolbachia for oogenesis to occur. In both species, Wolbachia
infections are stable and well regulated, since the density of each strain does not depend on the presence or
absence of other strains. Using lines that harbor various Wolbachia infection statuses, we found that mito-
chondrial density was not affected by the infection regardless of the sex and age of the host, which is strongly
reminiscent of the independent regulation of specific Wolbachia strains and suggest that the protagonists
coexist independently of each other as the result of a long-term coevolutionary interaction.

Symbiotic interactions with cytoplasmic maternally transmitted
microorganisms (endosymbionts) are widespread in arthropods,
which leads to the coexistence of several genomes within the host
cells that may have direct or indirect effects on the host’s biology/
physiology (10, 26, 28, 31, 41). These interacting genomes form an
entity, known as the symbiome (30), that includes the host ge-
nome, the mitochondria, and a number of endosymbionts, mainly
bacteria (including several different species or strains in multiple
infections). As they share the same intracellular host environ-
ment, interactions among the integrated elements (symbionts and
mitochondria) could occur, including interference with their re-
spective intrinsic multiplication rates and relative densities, com-
petitive exclusion, cooperation, or synergism.

The influence of vertically transmitted microorganisms on
mitochondrial DNA diversity and evolution have often been
studied, especially in the case of bacteria that manipulate host
reproduction, such as Wolbachia, but few studies have investi-
gated the relationships between bacterial symbiosis and mito-
chondrial density. Nevertheless, whereas mitochondria, called
the cellular power plants, supply energy to meet the host’s
energetic demands, endosymbionts exploit host resources, and
so they are costly in terms of energy (7) even if in some cases
the cost-benefit balance brings some advantage to the host
individual (for a review, see reference 22). Since the density of

mitochondria may be increased in response to the higher
bioenergetic demands of organisms (21), infection by endo-
symbionts could affect the number of mitochondria. On the
other hand, when associations are stable with a long coevolu-
tionary history, and as the maternally inherited symbionts and
mitochondria are cotransmitted, they may coexist without any
consequences for their relative numbers.

Wolbachia species are widespread bacteria that induce var-
ious changes in their hosts’ reproduction, which allows them to
increase the proportion of infected females (34), thus spread-
ing the bacterium within the host population (36). During
invasion, the cotransmission of symbionts and mitochondria
leads these bacteria to have an indirect impact on the DNA
diversity of the mitochondria (14, 35, 37) as a result of a
selective sweep of the mitotype associated with the infection
(13). However, few studies have focused on the mitochondrial
quantity in invertebrates (1, 17, 18), and as far as we are aware,
no studies have focused on the interactions between facultative
symbionts and mitochondria at the level of the individual host
organism. Only a few examples are available on the effect of
obligatory symbionts (known as primary symbionts) on mito-
chondrial energy metabolism. For example, Heddi et al. (11)
showed that the weevil primary symbiont SOPE (Sitophilus
oryzae principal endosymbiont) enhanced the enzymatic activ-
ity of the mitochondria, but nothing is known about the con-
sequence of the presence of the secondary symbiont, a Wolba-
chia species, on the mitochondrial compartment of this species.

In the study reported here, we investigated how the cohab-
itation between mitochondria and bacterial endosymbionts
works by determining the influence of Wolbachia infection on
mitochondrial density using quantitative PCR in two parasitic
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wasps of Drosophila spp., Leptopilina heterotoma and Asobara
tabida. In these wasp species, all host individuals are naturally
infected by three Wolbachia strains and incur a moderate cost
of infection (8, 24). Moreover, Wolbachia strains are specifi-
cally regulated, since their densities are independent of the
presence of other strains within the same host, which suggests
that there is little or no competition between the different
strains (23, 24). However, these host species differ in their
relationships with and dependency on their bacteria. The three
Wolbachia strains that infect L. heterotoma all are facultative
and alter host reproduction by cytoplasmic incompatibility (34),
whereas A. tabida harbors two facultative strains that induce cy-
toplasmic incompatibility and another strain (wAtab3) that is
required for host oogenesis to occur (5). In A. tabida, therefore,
there are different degrees of the integration of Wolbachia species
within the same host individual.

In this particular context of the regulation and stability of sym-
biosis, we investigated the effect of Wolbachia infection on the
mitochondrial compartment. In these two wasp species, we com-
pared mitochondrial density among lines sharing the same nu-
clear genetic background but with differing infection statuses. In
L. heterotoma, one line infected by three strains of Wolbachia was
compared to a derived uninfected line, and in A. tabida, one line
infected by three strains of Wolbachia was compared to a derived
line infected only with the obligatory strain wAtab3. The intra-
cellular symbiotic compartments of these lines had been manip-
ulated, which made it possible to investigate the consequences of
infection on host mitochondrial density. As it had previously been
shown that the mitochondrial DNA copy number may vary with
sex and age (2), measures were done on males and females at 1
and 5 days of age.

MATERIALS AND METHODS

Insect strains and rearing. The two hymenopteran parasitoids of Drosophila
species, Leptopilina heterotoma (Figitidae) and Asobara tabida (Braconidae),
used in the study both are naturally infected by three Wolbachia strains (39). The
wasps were reared on a standard diet, at 20°C with a 12-h light/12-h dark cycle
and 70% relative humidity, without larval or adult competition by providing four
mated females with 150 individuals of the Wolbachia species-free strain of Dro-
sophila melanogaster larvae originating from Lyon (France).

To investigate the effects of age and sex on mitochondrial density, quantifica-
tions were performed on 1-day-old and 5-day-old males and virgin females. The
physiological conditions were carefully controlled by keeping the newly emerged
individuals for 5 days, during which they were supplied with water and honey.

We used an inbred line of Leptopilina heterotoma A7(123) that originated from
Antibes (France) and which naturally harbors three Wolbachia species strains,
wLhet1, wLhet2, and wLhet3 (39). The uninfected line A7(0) had been derived
from the A7(123) line by antibiotic treatments many generations before the
experiment, thus making it possible to analyze individuals with the same genetic
nuclear background (38).

Asobara tabida organisms are naturally infected by three Wolbachia strains,
wAtab1, wAtab2, and wAtab3 (39). The triply infected line Pi(123) is an inbred
line originating from Pierrefeu (France). A derived line infected only with the
strain wAtab3 had been obtained by means of moderate antibiotic treatment a
number of generations ago (F. Dedeine, personal communication). wAtab3 is
required for oogenesis in A. tabida (5) and, thus, cannot be eliminated from this
species, providing an opportunity to analyze the relationship between Wolbachia
and mitochondrial density in a more integrated association.

Molecular methods. (i) DNA extraction. Total DNA was extracted from single
individuals. The insects were frozen at �80°C and homogenized using 5-mm
steel beads in a tissue lyser (Qiagen) at 15 Hz for 20 s. DNA was extracted using
the Nucleospin tissue kit (Macherey-Nagel) according to the manufacturer’s
instructions. The final elution volume was 100 �l.

(ii) PCR. The infection statuses of the insect lines were checked before the
experiment by amplifying the Wolbachia surface protein (wsp) gene using specific

primers for each Wolbachia strain. This standard procedure is described in Vavre
et al. (39). Results showed a homogeneous infection status for the 10 individuals
tested per line.

(iii) Quantitative PCR. Mitochondrial and whole Wolbachia species densities
were measured using the number of copies of the COI genes (cytochrome c
oxidase subunit I) and the wsp gene, respectively, divided by the number of
copies of the nuclear 18SrRNA gene, which was used as a housekeeping gene.
Quantifications were done individually on 10 insects per modality. The mito-
chondrial quantity is thought to be directly correlative with the number of COI
gene copies (1). The primers for the COI gene of L. heterotoma were A7-COI174
(5�-GACATCCTGGGGTTTCAACT-3�) and A7-COI380 (5�-TTCCTCCTGCT
AAAACAGGTAA-3�), and those used for A. tabida were Pi-COI24 (5�-GGG
GCTCCAGATATAGCTTTC-3�) and Pi-COI233 (5�-TGAAGATGCTCCAGC
TAAATG-3�). These primers had been derived from the universal COI gene
primers described in Simon et al. (32). The corresponding amplicons were 207
and 210 bp in size, respectively. We checked that COI primers do not amplify any
part of the Wolbachia genome by in silico PCR against the three complete
Wolbachia genomes available (http://insilico.ehu.es/PCR/) (3) and PCR realized
on Drosophila species harboring closely related Wolbachia strains, such as L.
heterotoma and A. tabida (39). The total number of Wolbachia cells was deter-
mined in all of the infected individuals, i.e., A7(123) individuals for L. heterotoma
and Pi(3) and Pi(123) individuals for A. tabida, by using the generalist primers
81F/691R to amplify all Wolbachia strains as described in Mouton et al. (24).
These primers amplified only the single-copy wsp gene and not the two paralo-
gous genes that have been reported for the wMel strain genome (40). The
primers used to amplify the nuclear gene 18SrRNA (a multicopy gene) were
18s.lo1 and NS58�2 (29). Measurements were performed on the LightCycler 480
real-time PCR system (Roche). The 10-�l reaction mix contained 200 nM of
each primer, 5 �l of LightCycler 480 SYBR green I master mix (Roche), and 1
�l of template DNA. For the COI and 18SrRNA genes, the amplifications
consisted of 10 min at 95°C followed by 35 cycles, each consisting of denaturing
for 10 s at 95°C, annealing for 10 s at 60°C, and elongation for 10 s at 72°C.

Statistical analysis. Statistical analyses were performed on the ratios calculated
from the gene copy numbers of COI and wsp divided by the nuclear gene 18SrRNA
copy number. Since L. heterotoma and A. tabida are haplo-diploid species, i.e., the
males have n chromosomes while females have 2n chromosomes, the ratios were
multiplied by two for the females in order to obtain the ratios per haploid genome.
Results were analyzed using R statistical software (http://www.R-project.org) after
arc-sin-square root transformation. Data normality and homoscedasticity were ver-
ified by Shapiro and Bartlett tests, respectively. For mitochondrial data, analyses
were done by two-way analysis of variance (ANOVA2) on the two sexes separately,
because variance was not the same in both sexes (the factors were infection status
and age). Comparisons including both males and females were performed using
Mann-Whitney nonparametric tests.

RESULTS

Influence of sex and age. We studied the influence of sex and
age on mitochondrial quantity by determining the ratio of
mitochondrial DNA/insect nuclear gene copies per haploid
genome in males and females of 1-day- and 5-day-old L. het-
erotoma and A. tabida organisms. In both species we observed
that this ratio is less variable and lower in males than in fe-
males (Fig. 1 and 2).

In L. heterotoma (Fig. 1), males have almost half of the
female mitochondrial DNA content, and females have more
mitochondria at emergence than at 5 days later. The relative
Wolbachia density does not vary with age, and females have
more Wolbachia strains than males, as previously observed
(23). The mitochondrion/Wolbachia density ratios range from
3:1 to 5:1 in females and 7:1 to 8:1 in males.

In A. tabida (Fig. 2), females harbor on average seven times
more mitochondrial DNA copies/haploid genome than males.
Wolbachia density is higher in females than in males and is
higher in triply infected than in singly infected females (P �
0.0001 by ANOVA) (Fig. 2), which is consistent with data
reported previously (24). The mitochondria/Wolbachia density
ratio is higher in the Pi(3) line than in the Pi(123) line. In triply
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infected individuals, this ratio is around 1 in males and 2 in
females, which is lower than the ratios observed for L. hetero-
toma. This difference could be related to the obligatory status
of Wolbachia in A. tabida (5).

Influence of Wolbachia infection on mitochondrial density.
The number of mitochondria is not statistically different between
infected and uninfected individuals in L. heterotoma (Fig. 1) (P �
0.5 for females and males, as determined by ANOVA2), or be-
tween the Pi(3) and Pi(123) lines in A. tabida (Fig. 2) (P � 0.05 for
both sexes, as determined by ANOVA2), despite the higher den-

sity of Wolbachia in triply infected individuals (P � 0.0001 as
determined by ANOVA2). These findings indicate that infection
by Wolbachia species does not affect the mitochondrial density.

DISCUSSION

The aim of this study was to investigate, in two insect species
that had established obligatory or facultative associations with
symbiotic bacteria, the possible interference between mito-
chondria and endosymbionts at the level of the individual host.

FIG. 1. Relative mitochondrial density (histogram) and Wolbachia density (diamond) in Leptopilina heterotoma. These densities were estimated
by the number of COI gene (cytochrome c oxidase subunit 1) copies and the number of wsp (Wolbachia surface protein) copies, respectively,
relative to one copy of the nuclear gene 18SrRNA per haploid genome. The measures were done on 1-day-old and 5-day-old males and females,
which were infected by three Wolbachia strains [line A7(123)] or were left uninfected [line A7(0)]. Values correspond to the average results for
10 individuals per experimental condition. Bars show the standard errors. Means of mitochondrial/Wolbachia densities marked with the same Latin
letters/Greek letters, respectively, are not significantly different (P � 0.05 by a Mann-Whitney test).

FIG. 2. Relative mitochondrial density (histogram) and Wolbachia density (diamond) in Asobara tabida. These densities were estimated by the
number of COI gene (cytochrome c oxidase subunit 1) copies and the number of wsp (Wolbachia surface protein) copies, respectively, relative to
one copy of the nuclear gene 18SrRNA per haploid genome. The measures were done on 1-day-old and 5-day-old males and females, which were
infected by the Wolbachia strain wAtab3 [line Pi(3)]or by three Wolbachia species strains wAtab1, wAtab2, and wAtab3 [line Pi(123)]. Values
correspond to the average results for 10 individuals per experimental condition. Bars show standard errors. Means of mitochondrial/Wolbachia
densities marked with the same Latin letters/Greek letters, respectively, are not significantly different (P � 0.05 by a Mann-Whitney test).
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We tested whether the presence of symbionts, more precisely
that of Wolbachia, influences host mitochondrial density. Mea-
sures were done on 1-day- and 5-day-old males and females to
determine the influence of sex and age. In both A. tabida and
L. heterotoma, females are diploid and males are haploid, so
the results have been expressed as the DNA copy number per
haploid genome.

To the best of our knowledge, the only study to have re-
ferred to the correlation between mitochondrial density and
Wolbachia infection is that published by Ballard and Melvin
(1). However, the main focus of their study was to investigate
the influence of tetracycline treatment on mitochondrial den-
sity in Drosophila simulans regardless of whether they were
infected with Wolbachia. The data presented indicated that the
level of mitochondrial DNA density depends more on the host
line than on Wolbachia infection, so in the present study we
controlled the genetic background of the host.

We observed that the females had a higher mitochondrial den-
sity than the males, i.e., two and seven times higher in L. hetero-
toma and A. tabida, respectively. This phenomenon is well known
in mammals, and a recent paper by Ballard et al. (2) showed that
it also is true in Drosophila. This difference between the sexes may
be linked to the energy requirements of reproduction, which may
be higher in females than in males (2).

Differences in mitochondrial density between 1-day- and
5-day-old individuals depend to a great extent on the sex and
host species. Mitochondrial density is fairly constant in the
males of both species. The only difference seen was in A. tabida
males, which displayed a decrease in mitochondrial density
with age. The mitochondrial density was more variable in the
females: in L. heterotoma there was a trend toward a decrease
in mitochondrial density with age, whereas the opposite trend
was observed in A. tabida. A decrease in the proportion of
mitochondrial to total DNA already had been reported to
occur in Drosophila melanogaster after the first week of life
(17). At present, the mechanisms involved in controlling the
mitochondrial number are unknown (21), but it has been
shown that many factors can affect the level of variation with
age (18), and this could explain the interspecific variability
observed in the present study. For example, the timing of
mitochondrial maturation is variable between species. How-
ever, whereas mitochondrial maturation is known to be com-
pleted after 9 days in Drosophila (33), there are no data avail-
able for parasitic wasps. Interspecies variability also could be
due to the oogenesis process, which may be different between
the two species. Most oocytes of L. heterotoma females already
are mature when the female emerges (i.e., it is a proovogenic
species), whereas in A. tabida some of the eggs continue to
mature after the emergence (i.e., it is a prosynovogenic spe-
cies) (F. Fleury, personal communication). Since oocyte mat-
uration increases the energy requirement, this could explain
why, in females, the mitochondrial density increases during the
first 5 days after emergence in A. tabida, whereas it decreases
in L. heterotoma.

The mitochondrial density relative to the nuclear haploid
genome differs greatly between the two wasp species: the range
is 0.05 to 0.08 in A. tabida and 0.2 to 0.5 in L. heterotoma. These
values correspond to the ratio of the copy numbers of the COI
and 18SrRNA genes and do not correspond to the number of
mitochondrial molecules per cell. Indeed, the 18SrRNA gene is

a multicopy gene, and the number of copies per haploid ge-
nome varies considerably between species. For example, in two
insect species, the fly Sabethes cyaneus and the mosquito Aedes
flavopictus, the numbers of copies of the 18SrRNA genes per
genome have been estimated to be around 40 and 1,000, re-
spectively (15). Another insect, Locusta migratory, harbors up
to 4,000 copies in some tissues (25). As we have no information
about the 18SrRNA gene copy number in the genomes of A.
tabida and L. heterotoma, we were unable to determine the
number of mitochondria per cell in these two species (in mam-
mals, most cells in culture have 1,000 to 5,000 mitochondria,
but we have no data for insects [21]), and so we cannot com-
pare their relative mitochondrial densities. For similar reasons,
it also is impossible to compare the relative density of Wolba-
chia in the two parasitoid species.

In triply infected individuals, the mitochondria/Wolbachia
ratio is higher for L. heterotoma (7 to 8 in males, 4 in females)
than A. tabida (around 2 in females, 1 in males), which can be
explained by the differing levels of Wolbachia dependency in
these two species. It is well known that Wolbachia species are
not uniformly localized throughout the host body but are found
mainly in germ line tissues, which favors its transmission (6). It
would be interesting to know if the number of mitochondria
per cell differs depending on whether Wolbachia is present
within this cell or not and if the mitochondria/Wolbachia ratio
varies between the host cells and tissues. Indeed, when the
mitochondria and Wolbachia occupy the same cells, they could
compete for space.

A recent study has shown that the presence of Wolbachia can
induce a higher production of reactive oxygen species (ROS) in
cell lines of the mosquito Aedes albopictus (4). ROS-dependent
immunity is one of the first responses to microbial infection
(12). A high concentration of ROS generates oxidative stress,
which can cause alterations of mitochondria, and the mito-
chondrial DNA copy number may be increased to compensate
for the damage caused (for a review, see reference 16). This
clearly raises the question of whether the presence of Wolba-
chia, which is costly in terms of energy and induces oxidative
stress (4), leads to an increase in mitochondrial quantity. We
have no idea about the influence of Wolbachia infection on
ROS in L. heterotoma and A. tabida. However, in these species,
even if the presence of Wolbachia does lead to an increase of
ROS production, it clearly does not affect the mitochondrial
density, since our results indicated that there was no difference
in mitochondrial density between individuals of the same sex
and age whatever their infection status.

Various hypotheses have been put forward to explain the
absence of any correlation between Wolbachia infection and
mitochondrial density.

First, it is possible that Wolbachia requires little energy. In
this case, the increase in the energy demand might be low
enough to be provided by the number of mitochondria present
in uninfected individuals. The energy required could be linked
to the cost of Wolbachia infection, which varies considerably in
different species (8, 9, 20, 24, 27). A moderate cost, such as that
induced by Wolbachia in L. heterotoma and A. tabida (8, 24),
could involve a low cost in terms of energy. In more costly
host-Wolbachia associations the results could be different, and
Wolbachia infection could affect the mitochondrial quantity.
For example, the highly virulent strain popcorn induces degen-
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eration and early death in Drosophila melanogaster (20). The
modification induced in the host’s metabolism could lead to
the deregulation of the mitochondrial number. It has been
shown that the cost of infection and Wolbachia density are
positively correlated, with a higher bacterial density leading to
an increase in the cost of infection (19, 24). In L. heterotoma
and A. tabida, Wolbachia symbiosis is well regulated, since
there is a strain-specific regulation of bacterial density (23, 24),
which limits the total bacterial load and, thus, the cost of
infection.

Another possible explanation is that mitochondria compen-
sate for the higher bioenergetic demands by enhancing the
energy they produce in infected individuals without any change
in the number of mitochondria. One way this could happen
would be that in the presence of Wolbachia, mitochondrial
enzymatic activities are improved, as has been shown with
some primary symbionts (10).

The lack of variation in the mitochondrial density between
lines infected by Wolbachia or not left uninfected also could be
the result of coevolutionary processes. Indeed, it is possible
that at the establishment of the association with A. tabida and
L. heterotoma, the infection affected the mitochondrial load
but reciprocal selective pressures then led to an equilibrium
with an optimal number of mitochondria that now cannot be
affected by Wolbachia removal. This can result from an evolu-
tionary response from either the host or Wolbachia side. One
way to test this hypothesis would be the analysis of a recent
association, for example, after the injection or horizontal trans-
fer of symbionts, to determine the mitochondrial load change.
However, to date, all of the attempts of injection experiments
using A. tabida and L. heterotoma failed. Moreover, injecting
bacteria into the host also would have some consequence on its
physiology, and it would be difficult to discern the direct influ-
ence of Wolbachia infection on mitochondrial density.

In the symbiosis studied here, the associations are stable and
well regulated, and all of the micropartners seem to live together
without the presence of other integrated elements having any
marked negative impact, which can be seen as an evolutionary
success. In this case, mitochondrial density is not affected by
infection. Future studies should investigate the functional level
and focus on the size and effectiveness of mitochondria.
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